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Abstract  Gene transcription and new protein synthesis 
regulated by epigenetics play integral roles in the formation 
of new memories. However, as an important part of epi-
genetics, the function of chromatin remodeling in learning 
and memory has been less studied. Here, we showed that 
SMARCA5 (SWI/SNF related, matrix-associated, actin-
dependent regulator of chromatin, subfamily A, member 
5), a critical chromatin remodeler, was responsible for hip-
pocampus-dependent memory maintenance and neurogen-
esis. Using proteomics analysis, we found protein expres-
sion changes in the hippocampal dentate gyrus (DG) after 
the knockdown of SMARCA5 during contextual fear con-
ditioning (CFC) memory maintenance in mice. Moreover, 

SMARCA5 was revealed to participate in CFC memory 
maintenance via modulating the proteins of metabolic path-
ways such as nucleoside diphosphate kinase-3 (NME3) and 
aminoacylase 1 (ACY1). This work is the first to describe 
the role of SMARCA5 in memory maintenance and to dem-
onstrate the involvement of metabolic pathways regulated 
by SMARCA5 in learning and memory.

Keywords  Epigenetic regulation · SMARCA5 · 
Hippocampal memory · Chromatin remodeling · Metabolic 
pathway

Introduction

Memory allows us to access information from the world and 
store it in the brain. Unraveling the mechanisms underlying 
memory formation and consolidation has been a major goal 
of the field of neuroscience for decades. Recent studies have 
found that epigenetic regulation plays an indispensable role 
in learning and memory by modifying histones and DNA to 
regulate gene expression and new protein synthesis [1–3]. Epi-
genetic regulation of the genome involves processes such as 
non-coding RNA, DNA methylation, histone methylation and 
acetylation, and chromatin remodeling [4]. Among these, there 
have been a large number of reports on the functions of non-
coding RNA in learning and memory [5–9]. The functions of 
DNA methylation, histone methylation, and acetylation-related 
proteins in learning and memory have also been reported by 
many studies [10–13]. In contrast, although studies have shown 
that some chromatin remodeling factors are involved in the 
processes of learning and memory [14, 15], the functions of 
most chromatin remodeling factors remain unclear.

The SWI/SNF related, matrix-associated, actin-
dependent regulator of chromatin, subfamily A, member 5 

Yu Qu and Nan Zhou contributed equally to this work.

Supplementary Information  The online version contains 
supplementary material available at https://​doi.​org/​10.​1007/​
s12264-​023-​01032-x.

 *	 Yan Li 
	 yanli@sdu.edu.cn

 *	 Xu‑Feng Xu 
	 Xuxufeng@qdu.edu.cn
1	 Institute of Neuropsychiatric Diseases, Qingdao University, 

Qingdao 266001, China
2	 Department of Urology, Qilu Hospital of Shandong 

University, Jinan 250012, China
3	 University of Ottawa Institute of Mental Health Research 

at the Royal, Ottawa K1Z7K4, Canada
4	 Department of Anesthesiology and Perioperative Medicine, 

Xijing Hospital, Fourth Military Medical University, 
Xi’an 710032, China

5	 Key Laboratory of Modern Teaching Technology & College 
of Life Sciences, Shaanxi Normal University, Xi’an 710062, 
China

http://crossmark.crossref.org/dialog/?doi=10.1007/s12264-023-01032-x&domain=pdf
www.springer.com/12264
https://doi.org/10.1007/s12264-023-01032-x
https://doi.org/10.1007/s12264-023-01032-x


1088	 Neurosci. Bull. July, 2023, 39(7):1087–1104

1 3

(SMARCA5) protein is a member of the SWI/SNF family; it 
has helicase and ATPase activities and is thought to regulate 
the transcription of certain genes by altering the chroma-
tin structure around those genes. Studies have shown that 
SMARCA5 promotes tumor growth in ovarian cancer and 
glioma [16, 17]. In vivo, SMARCA5 is highly expressed 
in the brain and its conditional knockout reduces progeni-
tor expansion and dendritic arborization, resulting in severe 
cerebellar and forebrain hypoplasia [18–20]. A recent study 
revealed that SMARCA5 expression in the amygdala and 
ventral hippocampus is reduced in mice displaying high 
anxiety-related behavior [21], suggesting that SMARCA5 
plays an important role in higher brain functions such as 
emotion or learning and memory. However, up to now, the 
functions and mechanisms of SMARCA5 in learning and 
memory remain unclear.

In this study, we employed neuropharmacological, behav-
ioral, immunochemical, BrdU administrative, and proteomic 
methods in combination with the Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) analy-
sis, to examine whether and how the SMARCA5 partici-
pates in the modulation of hippocampus-dependent memory. 
Surprisingly, we observed SMARCA5 participated in CFC 
memory maintenance via modulating the proteins of meta-
bolic pathways such as nucleoside diphosphate kinase-3 
(NME3) and aminoacylase 1 (ACY1).

Materials and Methods

Animals

Adult C57BL/6J mice (2–3 months old, Vital River Labo-
ratories) were singly housed in standard mouse cages in a 
temperature-controlled room (22 ± 2 °C) under diurnal con-
ditions (12 h light/dark cycle) with food and water available 
ad libitum. All animal procedures were in accordance with 
the guidelines of the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals and were approved 
by the Institutional Animal Care and Use Committee of 
Qingdao University.

Tissue Isolation

Tissue was isolated as in previous studies [22–25]. The ven-
tral hippocampus (VH) was defined as AP: –2.46 to –3.80 
mm, the dorsal hippocampus (DH) was defined as AP: –0.94 
to –2.30 mm, and the amygdala (Amy) was defined as AP: 
–0.59 to –2.45 mm. The mouse brains were removed and 
then placed in a mouse brain slicer (Braintree Scientific, 
Braintree, Massachusetts, United States). Coronal sections 

(1 mm thick) were collected and the above tissues were iso-
lated under a dissecting microscope following the mouse 
brain atlas. The tissues were dissected on ice and stored at 
–80 °C until use.

Western Blot

Different hippocampal regions were isolated at 0 °C and 
then homogenized in a Bullet Blender Homogenizer (Next 
Advance, New York City, USA). The homogenates were 
placed in a pH 7.5 Tris-HCl buffer containing 1% NP-40, 
1 mmol/L EDTA, 150 mmol/L NaCl, 1 µg/mL leupeptin, 
3.8 µg/mL aprotinin, 1 µg/mL pepstatin, 1 mmol/L PMSF, 
1 mmol/L Na3VO4, and 2 mmol/L NaF. The extracts were 
clarified by centrifugation at 4 °C (14,000× g for 20 min). 
Supernatants were gathered and eluted with an SDS sam-
ple buffer, and proteins were resolved by SDS-PAGE. Rab-
bit anti-SMARCA5 antibody (abs115900, 1:1000; Absin 
Bioscience, Shanghai, China), rabbit anti-ACY1 antibody 
(Absin, abs117091, 1:1000), mouse anti-α-tubulin (Sigma-
Aldrich, Saint Louis, USA, T6199, 1:10000), and rabbit 
anti-NME3 antibody (Absin, abs153616, 1:1000) were 
separately used as primary antibodies. Goat anti-rabbit or 
anti-mouse secondary antibodies (Calbiochem, San Diego, 
USA, 1:1000) were used to react with the corresponding pri-
mary antibodies. Immunoreactive bands were visualized by 
enhanced chemiluminescence (Pierce ECL, Thermo Fisher 
Scientific, Waltham, USA). Densitometric analysis of the 
bands was calculated by Quantity One (version 4.6.2, Bio-
Rad, Hercules, USA).

RT‑PCR

Total RNA was isolated using TRIzol-A+ RNA isolation rea-
gent (Tiangen, Beijing, China), following the manufacturer’s 
protocol. A 0.5 μg aliquot of each sample was treated with 
DNase to avoid DNA contamination and then was reverse-
transcribed using the ReverTra Ace qPCR RT Kit (catalog 
#FSQ-101; Toyobo, Osaka, Japan) according to the manu-
facturer’s instructions. Quantitative real-time RT-PCR was 
performed in a Cycler (Bio-Rad) using SYBR-Green (Roche, 
Basel, Switzerland). The primer sequences used are listed in 
Table 1. Each sample was assayed in duplicate and the lev-
els of miRNA were normalized for each well to the β-actin 
levels using 2−ΔΔCT.

Surgery and Microinjection

Under anesthesia with isoflurane (4% for induction, 1.5% for 
maintenance), each adult mouse was placed in a stereotaxic 
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apparatus (8001, RWD Life Science, Shenzhen, China) 
before the surgery. The coordinates (in mm, with reference 
to bregma) were as follows: lateral (L), ±1.0; anteroposterior 
(AP), −1.70; and dorsoventral (V), −2.3. The AAV-virus 
or lentivirus with green-fluorescent protein sequence was 
injected bilaterally into DG by microinjection (KD Scien-
tific, CA, USA). Infusions were performed at a volume of 
0.1 μL for 3 min and the infusion cannula was left for dif-
fusion for an additional 3 min. All viruses were purchased 
from GeneChem Co. (Shanghai, China) and the AAV9 sero-
type was used to package the AAV interference and overex-
pression virus. GV388 vectors (CMV bGlobin-MCS-EGFP-
3FLAG-WPRE-hGH polyA) were used to package the 
mouse ACY1 and NME3 overexpression AAV-virus. GV478 
vectors (U6-MCS-CAG-EGFP) were used to package the 
mouse interference AAV-virus. GV492 (Ubi-MCS-3FLAG-
CBh-gcGFP-IRES-purpmycin) vectors were used to pack-
age the Samrca5 overexpression lentivirus. The SMARCA5 
shRNA sequence used for si-SMARCA5 AAV-virus was as 
follows: SMARCA5 shRNA antisense, 5’ ACC​AGA​TGT​
GTT​TAA​TTC​AGC 3’; The ACY1 shRNA sequence used 
for si-ACY1 AAV-virus was as follows: ACY1 shRNA anti-
sense, 5’ TGA​AGA​GTG​TCA​GCA​TCC​AGT 3’; The NME3 
shRNA sequence used for si-NME3 AAV-virus was as fol-
lows: NME3 shRNA antisense, 5’ GGT​GCT​GAC​CAT​CTT​
TGC​TAA 3’. The unit titer of SMARCA5-OE lentivirus was 
1 × 108 transduction units (TU)/mL. The unit titer of AAV-
virus was 1 × 1013 TU/mL.

Behavior

The behavioral experiments were conducted as in previous 
studies [26].

Contextual Fear Conditioning (CFC)

On the first day, mice were put into a standard fear-condi-
tioning chamber (Panlab, Boston, USA) for training. Each 
mouse was left in the conditioning context for 2 min, at the 
end of which, three shocks (0.4 or 0.7 mA for 1 s) were 
delivered with an inter-trial interval of 59 s. After the last 
shock, each mouse was left in the chamber for 59 s before 
being moved back to its home cage. 1 h and 24 h after train-
ing, each mouse was returned to the conditioning chamber 
where training occurred and the freezing responses were 
recorded for 5 min without foot shock.

Morris Water Maze

The apparatus consisted of a circular water tank (120 cm 
diameter, 40 cm height) filled with water (22 °C) to a depth 
of 25 cm, and the water was made opaque by adding non-
toxic white powder paint. A circular escape platform (6 cm 
in diameter) was placed 1 cm below the water surface. Dur-
ing the period of learning, the platform was always placed in 
the center of the same quadrant (target quadrant). Each trial 
consisted of a maximum of 60 s starting from one of the four 
quadrants with the mouse facing the wall. If a mouse could 
not reach the platform in 60 s, it was guided to the platform. 
After reaching the platform, mice were allowed to stay there 
for 30 s, and then quickly dried with a towel and put under 
a heating lamp set at exactly 37 °C to avoid hypothermia. 
Each mouse received four trials per day in the water maze 
on each of the five training days. In the learning process, 
the escape latencies for a single day were averaged to pro-
duce a daily mean. On day 6, the platform was removed, 
and each mouse was allowed to swim for 60 s. The number 

Table 1   List of primer pairs 
used for RT-PCR SMARCA5 F: CGA​CAA​TGC​ATC​CGA​AAC​TCC​ R: ACC​GTC​CAT​CTT​ACG​TTT​CTGTG​

HAGH F: CCT​GGG​CTG​AAG​GTT​TAT​GGAG​ R: CCG​AAG​TAT​GGC​AGG​GTG​TTG​
POMGNT2 F: GAC​GGT​TAC​AGT​GTC​CCT​GGAG​ R: GCA​TGC​TGA​CCA​ACA​TGG​AG
MIF F: GAG​GGG​TTT​CTG​TCG​GAG​C R: GTT​CGT​GCC​GCT​AAA​AGT​CA
HMOX2 F: ATG​TGG​ACA​ATG​CCC​AGC​AA R: CAG​CCT​GGT​CCA​GTT​CAC​TGA​ATA​
NT5C F: CGG​ACC​TGG​CGG​AAA​AAG​T R: GTC​GTT​CAT​CTC​TCG​CAA​AGC​
NME3 F: GAG​ATC​GTG​CGT​CGC​TTT​GA R: CGC​AGC​TCG​ACA​TAA​TGC​TC
HMGCS1 F: GGT​TAG​CTG​TAA​TCA​CGT​GAG​CAG​A R: GTC​CAC​AAC​GCC​CAG​GTG​TA
ACY1 F: CTG​CAG​AGA​TGG​TGC​CAG​GA R: GGG​TGT​CAT​TCG​AGG​CTC​TGTA​
SCP2 F: CTA​CCT​GGG​TGG​TGG​ATG​TGAAG​ R: GTC​TGA​GTC​GGC​CAT​GGT​GA
GATB F: CAC​TGA​ACT​TGA​GAA​TGG​AGG​TGA​A R: CAG​GTT​GGG​CTC​TGG​CAT​AA
ADK F: ACC​TTG​ACC​TGG​AGC​GGA​AC R: CAG​CAT​AGC​GAG​CCA​CTT​TCA​ATA​
NT5C3 F: GAT​CCT​GTT​CTC​ACC​GTG​GAAG​ R: CGT​GCT​GTT​GAA​GTT​TAC​CGAAG​
ATP5PB F: AAC​ATG​ATG​CGT​CGC​AAG​GA R: CAA​TGC​ACT​TGG​CAA​TGG​TCTC​
ADCY5 F: TGC​CAA​CAC​CAG​TGG​GTT​TC R: ACT​GCA​CGC​TGT​CAC​CAG​TC
NDUFV3 F: ATT​TGT​GCC​ATG​GCG​GTC​T R: CCT​TTG​CAC​TCT​TCT​CTG​ACT​CTG​T
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of platform crossings and the time spent in each of the four 
quadrants by each mouse were recorded with a video track-
ing system (Smart, Panlab).

Novel Object Recognition Test

The experimental device was composed of a square test box 
and two identical test objects that were mouse-sized or only 
slightly larger to encourage exploration. The objects used 
were fairly simple but had a few distinguishing features. The 
test objects were screened before the experiment to deter-
mine whether the mice have a similar preference for them. 
The test was divided into an adaptation period, a training 
period, and a test period. During the adaptation period, each 
mouse was placed in the middle of the test box, without 
objects. They were allowed to move freely for 10 min to 
get familiar with the environment. 24 h later, two identical 
objects A were placed on both sides of the same side wall of 
the test box. The mice were placed in the test box, and the 
exploration time spent on each object was recorded. When 
the mouse’s mouth was close to the object within 2 cm, the 
time for the mouse to climb on or walk around the object 
was also included. The total activity time of mice in the box 
was 10 min. 24 h later, one familiar object, A, was changed 
to a novel object, B, and mice were exposed to both objects 
A and B for 3 min. The exploration time for object A (TA) 
or B (TB) was recorded in a single-blind trial by an observer 
blind to the treatment status of mice to exclude observer 
bias. The recognition index, which is calculated by TB/(TA 
+ TB), was reflected as the recognition memory of mice. 
Total exploration time was also analyzed to assess the motor 
ability of mice.

BrdU Administration

As shown in Fig. 4A, to analyze cell proliferation in animals, 
the mice were sacrificed 2 h after intraperitoneal (i.p.) injec-
tion of bromodeoxyuridine (BrdU) (Sigma-Aldrich, B5002, 
50 mg/kg) in 0.9% NaCl solution.

Immunochemistry

Mice were anesthetized with 5% chloral hydrate anesthe-
sia (8 ml/kg, i.p.) and perfused with 0.9% NaCl, followed 
by 4% paraformaldehyde (PFA), pH 7.6. Their brains were 
post-fixed in 4% PFA overnight, followed by equilibration 
at 4 °C in 30% sucrose for another 24 h before sectioning. 
Then the brains were cut into a series of 40 μm coronal sec-
tions on a Microm cryostat (HM 550) at −20 °C. For BrdU 
detection, sections were pretreated with 50% formamide/2 

×SSC (Saline-Sodium Citrate buffer) for 1 h at 55 °C, and 
then the sections were rapidly washed in 2 × SSC. After 
this, the sections were incubated with 2 N HCl for 30 min at 
37 °C and washed in 0.1 mol/L borate buffer, pH 8.5, for 10 
min. After blocking with 10% donkey serum in phosphate-
buffered saline containing 0.3% Triton X-100 for 1 h, the 
sections were incubated with primary antibodies to BrdU 
(Abcam, Cambridge, UK, 1:1000) overnight at 4 °C, fol-
lowed by Alexa Fluor secondary antibodies for 1 h.

Imaging and Quantification

BrdU-positive (BrdU+) cells within the granule cell layer of 
the DG were imaged by confocal fluorescence microscopy 
with a Carl Zeiss LSM-780 microscope fitted with a stand-
ard (1 Airy disk) pinhole and standard filter sets (Micro-
structural Platform of Shandong University, Jinan, China). 
The MetaMorph software package (Molecular Devices, 
Sunnyvale, USA) with an unbiased stereological protocol 
as previously described was used to count [27, 28]. Briefly, 
we counted the BrdU+ cells in the DG in every sixth section 
throughout the rostrocaudal extent of the DG. This ensured 
the same cell was not counted repeatedly. Sections were 
imaged at 20× throughout the rostral-caudal extent of the 
DG with projections of 12–15 Z planes taken at 2-μm inter-
vals. The total number of BrdU+ cells was multiplied by six 
to estimate the total number in the whole DG. The data are 
presented as the number of cells per cubic millimeter.

Proteomics Analysis

The flow of this experiment is shown in Fig. 5A. Briefly, 
mice were injected with the control or si-SMARCA5 AAV-
virus into the DG area. Four weeks later, both groups 
received CFC training. Two hours after the CFC training, 
mice were sacrificed and the DG regions were quickly 
obtained at 0 °C and placed in liquid nitrogen. The control 
group and the si-SMARCA5 group each had three replicate 
samples, where each sample contained the DG regions of 
four mice. Proteomics analysis was completed by GeneChem 
Co.

Statistics

CFC training and Morris water maze training data were 
analyzed by repeated measures two-way ANOVA. Other 
group differences were analyzed using a two-tailed t test 
or one-way ANOVA, which was followed by Bonferroni 
post hoc analysis to compare means from several groups 
simultaneously. Significance was set at P <0.05. Results are 
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expressed as the mean ± SEM. Data analyses were applied 
using GraphPad Prism version 8.0 (GraphPad Software, San 
Diego, USA).

Results

SMARCA5 is Upregulated in the Hippocampus 
after CFC Training

To determine whether SMARCA5 is involved in hippocam-
pal-dependent memory, we initially used a commonly used 
hippocampus-dependent memory paradigm, CFC, to assess 
the changes of SMARCA5 expression in different regions of 
the hippocampus at different time points after CFC training 
(Fig. 1A). RT-PCR results showed that SMARCA5 mRNA 
levels were significantly elevated in the dorsal DG, but not 
in the DG of the ventral hippocampal and BLA region, 
which started at 1 h and was sustained to 4 h (Fig. 1B, C, 
D; dorsal DG: F(6,33) = 20.68, P <0.001; ventral DG: F(6,33) 
= 2.481, P = 0.0531; BLA: F(6,33) = 2.292, P = 0.0585, 
one-way ANOVA). Western Blot results indicated that the 
SMARCA5 protein levels in the dorsal DG were signifi-
cantly increased at 2 h and 4 h after CFC training (Fig. 1E, 
F; F(6,34) = 18.51, P <0.001, one-way ANOVA), which 
suggested that SMARCA5 is involved in hippocampal fear 
memory. Next, we determined whether the CFC training-
induced increase in SMARCA5 was specific to associative 
fear conditioning memory rather than exposure to either 
shock or context alone. Our results showed that, compared 
with the naive group, neither shock alone nor context alone 
upregulated the SMARCA5 mRNA and protein levels (Fig. 
1G, H,I; mRNA: F(3,20) = 30.54, P <0.001; protein: F(3,20) 
= 26.08, P <0.001, one-way ANOVA), suggesting that the 
enhanced SMARCA5 is specific to the associated CFC 
memory.

Manipulation of SMARCA5 in the DG Affects 
the Long‑term Memory Maintenance of CFC

Previous studies have revealed that conditional knockout of 
SMARCA5 severely impairs brain development [19], so we 
chose the SMARCA5-shRNA-AAV-virus (si-SMARCA5) or 
SMARCA5-overexpression-lentivirus (SMARCA5-OE) to 
knockdown or overexpress the SMARCA5 levels rather than 
using SMARCA5 conditional knockout mice. Si-SMARCA5 
or SMARCA5-OE virus was injected stereotactically into 
the DG to investigate whether the upregulated SMARCA5 is 
functionally involved in hippocampal memory. Four weeks 
after virus injection, a huge number of GFP-positive neu-
rons were observed in the DG, suggesting that the AAV-
virus was successfully transfected into the DG (Fig. 2A). 

RT-PCR results showed that SMARCA5 mRNA levels in 
DG were reduced to 53.8% after injection of si-SMARCA5 
AAV-virus (Fig. 2B; P <0.001, two-tailed t test), which sug-
gested that the si-SMARCA5 virus effectively decreased the 
SMARCA5 levels in the DG. Moreover, the results showed 
that SMARCA5 levels in the DG were increased by 70.7% 
after SMARCA5-OE lentivirus injection (Fig. 2B; P <0.001, 
two-tailed t test). These results revealed that SMARCA5-OE 
lentivirus effectively enhanced the SMARCA5 expression.

Next, we evaluated the role of SMARCA5 in CFC mem-
ory by using CFC training and testing as shown in Fig. 2C. 
Our results showed that the si-SMARCA5 group exhibited 
a freezing time in the CFC training and short-term memory 
(STM) testing similar to the control group, which suggested 
that knockdown of SMARCA5 did not affect the contextual 
fear memory acquisition and STM formation (Fig. 2D, E). 
However, when we examined the long-term memory (LTM) 
maintenance of the contextual fear memory 24 h after train-
ing, mice in the si-SMARCA5 group had a lower freezing 
time than mice in the control group, suggesting that reducing 
SMARCA5 impairs the LTM maintenance of contextual fear 
memory (Fig. 2E; P <0.001, two-tailed t test).

We then used SMARCA5-overexpression lentivirus to 
determine whether overexpressing SMARCA5 enhances 
the LTM maintenance of contextual fear memory. To avoid 
a ceiling effect, we used a weaker electric shock to condition 
the mice in the CFC training. Our results revealed that mice 
in both groups exhibited a similar freezing time during CFC 
training (Fig. 2F) and the STM test (Fig. 2G), suggesting 
that increasing the expression of SMARCA5 had no effect 
on the contextual fear memory acquisition and STM forma-
tion. However, in the LTM test, mice in the SMARCA5-OE 
group showed a significantly increased freezing time when 
compared with control group mice (Fig. 2G; P = 0.0037, 
two-tailed t test), which suggested that overexpression of 
SMARCA5 does enhance the LTM maintenance of contex-
tual fear memory. Taken together, these results indicate that 
SMARCA5 is involved in the LTM maintenance of contex-
tual fear memory.

Knockdown of SMARCA5 Impairs Recognition 
Memory and Spatial Memory in the DG

We then subjected mice to a novel object recognition test and 
Morris water maze test to determine whether SMARCA5 is 
involved in other hippocampus-dependent memory types. 
Data demonstrated that mice in the si-SMARCA5 group 
exhibited locomotion similar to the mice in the control group 
(Fig. 3A, B), suggesting that blocking SMARCA5 expres-
sion does not affect spontaneous exploratory activity. How-
ever, mice in the si-SMARCA5 group showed a severe defi-
cit in recognition memory when compared with the control 
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group (Fig. 3C; P = 0.0021, two-tailed t test), and both 
groups had a similar total exploration time (Fig. 3D), which 
suggested that SMARCA5 is essential for hippocampal 

recognition memory. In the Morris water maze test, mice in 
the si-SMARCA5 group showed a significantly increased 
escape latency in the hidden platform trials (Fig. 3E; F(4,76) 
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= 3.038, P = 0.022, repeated measures two-way ANOVA), a 
decreased number of platform crossings (Fig. 3F; P = 0.002, 
two-tailed t test), and spent less time in the target quadrant 
during the probe test (Fig. 3G; P= 0.0062, two-tailed t test) 
in comparison to control group mice, which suggested that 
knockdown of SMARCA5 impairs hippocampus-dependent 
spatial memory.

Taken together, these results revealed that SMARCA5 is 
essential for hippocampus-dependent memory.

SMARCA5 Is Involved in Hippocampal 
Neurogenesis in Adult Mice.

Studies have demonstrated that DG is one of the main loci 
for adult neurogenesis [29]. SMARCA5 has been demon-
strated to be related to progenitor expansion as well as cer-
ebellar and forebrain morphology during development [19]. 
We then investigated whether SMARCA5 affects adult neu-
rogenesis in the DG. To this end, we used BrdU to label new-
born cells and found that mice in the si-SMARCA5 group 
showed  significantly fewer BrdU-positive cells than the 
control group (Fig. 4A, B, C; P = 0.0071, two-tailed t test). 
These results indicated that SMARCA5 knockdown reduces 
progenitor proliferation in the DG. Moreover, the number 
of BrdU-labeled cells in the SMARCA5-OE group was sig-
nificantly higher than in the control group (Fig. 4B, C; P 
<0.001, two-tailed t test), which suggested that SMARCA5 
overexpression elevates hippocampal neural precursor cell 
proliferation. All in all, these results reveal that SMARCA5 
is essential for adult hippocampal neurogenesis in the DG.

Proteomics Analysis of the Effects of SMARCA5 
Knockdown on Protein Changes in the DG 
after CFC Training.

The above data revealed that SMARCA5 is essential for 
adult hippocampal memory and neurogenesis, but the under-
lying mechanisms were still unclear. To investigate the pro-
teins that are regulated by SMARCA5 in the CFC process, 
proteomics analysis was used to fulfill our aim. Following 
the experimental procedure illustrated in Fig. 5A, thousands 
of proteins were read by the proteomics analysis, of which 
the expression of 108 proteins in the si-SMARCA5 group 
was significantly different from the control group (supple-
mentary data 1), suggesting that these 108 proteins could 
be modulated by SMARCA5 in the CFC process (Fig. 5B). 
Notably, among the 108 proteins, 39 were increased and 
the other 69 were decreased in the si-SMARCA5 group 
(Fig. 5C, D). We then applied protein subcellular localiza-
tion analysis to investigate the spatial distribution of the 108 
proteins in neurons (supplementary data 2). Our results dem-
onstrated that 33.3% of the 108 proteins were localized in the 
cytosol, 22.2% in the nucleus, 17.6% in mitochondria, 14.8% 
in the plasma membrane, and the rest were in extracellular 
space (6.5%), the endoplasmic reticulum (3.7%). and the 
cytoskeleton (1.9%) (Fig. 5E). Moreover, proteomics analy-
sis results revealed that the SMARCA5 protein level in the 
si-SMARCA5 group was lower than in the control group 
(Fig. 5F; P = 0.0031, two-tailed t test), which showed that 
injecting the si-SMARCA5 AAV-virus into the DG area 
effectively decreased the elevated SMARCA5 expression 
after CFC training in mice, and also indicated that the prot-
eomics analysis result was relatively accurate.

GO and KEGG Analysis to Determine 
the Signaling Pathways and Enrichment 
of the differentially‑expressed proteins (DEPs)

To further analyze the 108 DEPs identified by proteomics, 
the Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) databases were used to classify and 
identify the signaling pathways to which these proteins 
belong and their enrichment in these signaling pathways. 
During GO analysis, the identified proteins were divided into 
three groups: biological process (BP), molecular function 
(MF), and cellular component (CC). In the BP category, the 
five most highly enriched proteins were associated with the 
cellular process, as well as a biological process, metabolic 
processes, developmental process, and response to stimulus 
(Fig. 6A, supplementary data 3). The main BP enrichment of 
DEPs was chorioallantoic fusion, regulation of protein local-
ization, and skeletal muscle tissue development (Fig. 6B, 
supplementary data 3). In the MF category, the three highly 

Fig. 1   SMARCA5 is upregulated in the hippocampus after CFC 
training. A Schematic of mouse brain dissection at different time 
points after CFC training. B–D The relative SMARCA5 mRNA 
levels in a different region of the hippocampus at different time 
points after CFC training. RT-PCR analysis (B) shows the relative 
SMARCA5 mRNA levels in CA1 at different time courses after CFC 
training (n = 5–6 per group; **P <0.01 vs naive group). RT-PCR 
analysis (C) shows the relative SMARCA5 mRNA levels in CA3 at 
different time courses after CFC training (n = 5–6 per group). RT-
PCR analysis (D) shows the relative SMARCA5 mRNA levels in 
DG at different time courses after CFC training (**P <0.01 vs naive 
group, *P <0.05 vs naive group; n = 5–6 per group). E, F Western 
Blot analysis shows the relative SMARCA5 protein levels in the DG 
at different time courses after CFC training (n = 5–6 per group; **P 
<0.01 vs naive group). Representative immunoblots are shown in 
(E), and the relative densitometric analysis is shown in (F). G Rela-
tive mRNA levels of SMARCA5 in the hippocampus 2 h after context 
alone, the immediate shock alone, or paired CFC training normalized 
to control (n = 6 per group; **P <0.01 vs naive group). H, I Rela-
tive protein levels of SMARCA5 in the hippocampus 2 h after context 
alone, the immediate shock alone, or paired CFC training normalized 
to control (n = 6 per group; **P <0.01 vs naive group). Representa-
tive immunoblots are shown in (H), and the relative densitometric 
analysis is shown in (I). All values are presented as the mean ± SEM.

◂
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Fig. 2   Manipulation of 
SMARCA5 in the DG affects 
the CFC long-term memory 
formation. A The location 
and diffusion range of the 
AAV-virus and lentivirus 
microinjected into the DG. 
Scale bar, 200 μm. B Relative 
mRNA levels of SMARCA5 
in the DG after si-SMARCA5 
AAV-virus or overexpression 
lentivirus injection (n = 6–7 
per group; **P <0.01 vs control 
group). C Schematic of the 
CFC training and testing. D, E 
SMARCA5 knockdown impairs 
the contextual fear memory. (D) 
The freezing response during 
the training process. (E) The 
freezing response at 1 h and 
24 h after training (n = 11–12 
per group; **P <0.01 vs 24 h 
control group). F, G SMARCA5 
overexpression enhances the 
contextual fear memory with 
a weaker electric shock. The 
freezing response in the train-
ing process (F). The freezing 
response at 1 h and 24 h after 
training (n =12 per group; **P 
<0.01 vs 24 h control group). 
All values are presented as the 
mean ± SEM.
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Fig. 3   Decreasing SMARCA5 impairs the recognition memory and 
spatial memory in the DG. A–D Mice injected with si-SMARCA5 
AAV-virus exhibit impaired recognition memory in the novel object 
recognition test. (A) Schematic of the novel object recognition test. 
(B) Total travel distance of mice during acclimation (n = 10–11 per 
group). (C) Recognition index of mismatch and miR-126-anta mice 
in the object recognition test (n = 10–11 per group, *P <0.05 vs con-
trol group). (D) Total exploration time of mismatch and miR-126-anta 
mice during the object recognition test (n = 10–11 per group). E–G 

SMARCA5 knockdown impairs spatial memory in the Morris water 
maze test. (E) The escape latency to find the hidden platform on four 
consecutive days (n = 10–11 per group, *P <0.05 vs control group). 
(F) The times of platform crossing in the target quadrant in the probe 
test (n = 10–11 per group, **P <0.01 vs control group). (G) The time 
spent in the target quadrant in the probe test (n = 10–11 per group, 
**P <0.01 vs control group). All values are presented as the mean ± 
SEM.
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enriched proteins were associated with binding, catalytic 
activity, and molecular function regulators (Fig. 6A, sup-
plementary data 3). The main MF enrichment of DEPs was 
5’-nucleotidase activity, proton transmembrane transporter 
activity, and RAGE receptor binding (Fig. 6B, supplemen-
tary data 3). In the CC category, most of the enriched pro-
teins were related to the cell part, organelle part, organelle, 
and protein-containing complex (Fig. 6A, supplementary 
data 3). The main CC enrichment of DEPs was a cofilin-
actin rod, mitochondrial membrane, and lamellipodium 
membrane (Fig. 6B, supplementary data 3).

KEGG pathway analysis revealed that the DEPs were 
mostly enriched in 20 signaling pathways, which included 
metabolic pathways, pathways of neurodegeneration - mul-
tiple diseases, Alzheimer’s disease, biosynthesis of sec-
ondary metabolites, and Parkinson’s disease (Fig. 6C, sup-
plementary data 4). The main KEGG enrichment of DEPs 
was MAPK signaling pathway – plant, terpenoid backbone 
biosynthesis, pertussis, NF−kappa B signaling pathway, 
and African trypanosomiasis (Fig. 6D, supplementary 
data 4). Notably, we found that the KEGG analysis results 
showed that a total of 15 DEPs were enriched in metabolic 
pathways, which is far more than the DEPs enriched in 

other signaling pathways. The KEGG enrichment revealed 
that DEPs enriched in Pyrimidine metabolism and Purine 
metabolism had significant enrichment effects. In the BP 
category of GO analysis, 72 DEPs were enriched in the 
metabolic process. These analysis results suggested that 
the metabolic pathway could be an important signaling 
pathway regulated by SMARCA5 in the hippocampus-
dependent memory process. As shown in Fig. 6D and E, 
the 15 DEPs enriched in metabolic pathways are hydroxya-
cylglutathione hydrolase (HAGH), protein O-mannose 
beta-1,4-N-acetylglucosaminyltransferase (POMGNT2), 
Macrophage migration inhibitory factor (MIF), heme oxy-
genase 2 (HMOX2), cytosolic 5’-nucleotidase 3 (NT5C), 
nucleoside diphosphate kinase 3 (NME3), 3-hydroxy-
3-methylglutaryl-Coenzyme A synthase 1. (HMGCS1), 
Aminoacylase-1 (ACY1), sterol carrier protein 2 (SCP2), 
Glutamyl-tRNA (GLN), amidotransferase subunit B 
(GATB), adenosine kinase (ADK), cytosolic 5’-nucleoti-
dase 3 (NT5C3), A ATP synthase peripheral stalk-mem-
brane subunit b (ATP5PB), adenylate cyclase 5 (ADCY5), 
and NADH dehydrogenase [ubiquinone] flavoprotein 3 
(NDUFV3).

Fig. 4   SMARCA5 is related to 
hippocampal neurogenesis in 
adult mice. A Schematic of the 
experimental design for examin-
ing the effect of SMARCA5 
knockdown or overexpression 
on neurogenesis in the DG. B, 
C Knockdown or overexpres-
sion of SMARCA5 impairs or 
elevates neurogenesis in the 
DG. (B) Representative images 
showing BrdU+ cells in the DG. 
Scale bar, 200 μm. (C) Quan-
tification of BrdU+ cells in the 
DG (n = 6–7 mice per group; 
**P <0.01 vs control group). 
All values are presented as the 
mean ± SEM.
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The Change of Proteins in the Metabolic Pathway 
After CFC Training Is Regulated by SMARCA5

To determine whether the 15 proteins changed and were reg-
ulated by SMARCA5 after CFC training, RT-PCR was used 
to initially quantify the levels of these proteins. Mice were 
randomly divided into 3 groups: a non-CFC group (injection 
of control AAV-virus, without CFC training), a CFC-2 h 
group (injection of control AAV-virus, mice were sacrificed 
at 2 h after CFC training), and a si-SMARCA5+CFC group 
(injection of si-SMARCA5 AAV-virus, mice were sacrificed 
at 2 h after CFC training). Our results demonstrated that the 
mRNA levels of 13 proteins changed significantly in the 
CFC-2 h group compared with the non-CFC group (HAGH, 
POMGNT2, MIF, HMOX2, NT5C, NME3, HMGCS1, ACY1, 
SCP2, GATB, ADK, NT5C3, and NDUFV3) (Fig. 7A–L and 
O; HAGH: F(2,15) = 4.883, P = 0.023; POMGNT2: F(2,15) = 
8.612, P= 0.0032; MIF: F(2,15) = 24.55, P <0.001; HMOX2: 
F(2,15) = 12.99, P <0.001; NT5C: F(2,15) = 9.151, P <0.001; 
NME3: F(2,15) = 43.00, P <0.001; HMGCS1: F(2,15) = 15.56, 
P <0.001; ACY​1: F(2,15) = 27.23, P <0.001; SCP2: F(2,15) = 
20.55, P <0.001; GATB: F(2,15) = 13.34, P <0.001; ADK: 
F(2,15) = 58.61, P <0.001; NT5C3: F(2,15) = 54.85, P <0.001; 
NDUFV3: F(2,15) = 25.92, P <0.001, one-way ANOVA ) and 
the remaining 2 did not exhibit any difference between the 
two groups of mice (Fig. 7M, N), which suggested that the 
13 proteins in the metabolic pathway could be involved in 
CFC memory formation. Moreover, 8 of these 13 proteins 
were differentially expressed between the CFC-2 h group 
and the si-SMARCA5+CFC group (MIF, HMOX2, NME3, 
HMGCS1, ACY1, SCP2, ADK, and NDUFV3) (Fig. 7C, D, 
E, F,G, H, I, J, K, O; Mif: P = 0.022; Hmox2: P = 0.011; 
NME3: P <0.001; Hmgcs1: P = 0.0094; ACY1: P = 0.0056, 
Scp2: P = 0.022; Adk: P <0.001; Ndufv3: P = 0.0045, two-
tailed t test), suggesting that these 8 proteins in the meta-
bolic pathway could be regulated by SMARCA5 after CFC 
training.

The Effect of SMARCA5 on the Maintenance 
of the Contextual Fear Memory Depends 
on Metabolic Pathway

 The above data indicated that SMARCA5 could modulate 
the transcription of the 8 proteins in the metabolic pathway 
after the CFC training; however, whether the 8 proteins are 
functionally involved in hippocampus-dependent memory 
and whether the effect of SMARCA5 on CFC memory for-
mation depends on these proteins remained unknown. Given 
that the 8 proteins in the metabolic pathway we screened out 
were too many to follow up on, so we decided to select two 
for further study. We finally chose ACY1 and NME3 by con-
sulting the literature and comprehensively considering their 

expression levels in the hippocampus, novelty and impor-
tance. Western blot results showed that the protein levels of 
both ACY1 and NME3 increased at 2 h after CFC training 
(Fig. 8A, B, C; ACY1: F(3,19) = 30.05, P <0.001; NME3: 
F(3,19) = 27.97, P <0.001, one-way ANOVA), suggesting 
that ACY1 and NME3 could participate in CFC memory 
maintenance. However, when knocking down SMARCA5, 
the increased ACY1 and NME3 protein levels after CFC 
training were abolished (Fig. 8A, B, C; ACY1: F(3,19) = 
30.05, P <0.001; NME3: F(3,19) = 27.97, P <0.001, one-way 
ANOVA), which suggested that ACY1 and NME3 were reg-
ulated by SMARCA5 in the process of CFC memory main-
tenance. We then examined whether ACY1 and NME3 are 
functionally involved in hippocampus-dependent memory. 
To this end, we used a si-ACY1 AAV-virus and a si-NME3 
AAV-virus which simultaneously expressed GFP protein to 
knock down ACY1 or NME3 levels in the DG. ACY1-over-
expression (ACY1-OE) and NME3-overexpression (NME3-
OE) AAV-virus, which encoded ACY1 or NME3, and simul-
taneously expressed GFP protein, were used to overexpress 
ACY1 or NME3. As- shown in Fig. 8A, B, C, mice in the 
si-SMARCA5+CFC+AAV-OE group (injection of both si-
SMARCA5 AAV-virus and ACY1-OE or NME3-OE AAV-
virus and sacrificed at 2 h after CFC training) exhibited 
significantly higher ACY1 and NME3 protein expression 
than mice in the si-SMARCA5+CFC group (Fig. 8A, B, 
C; ACY1: P <0.001; NME3: P = 0.0015, two-tailed t test), 
which showed that the AAV-OE virus significantly enhanced 
the ACY1 and NME3 protein levels.

Next, we subjected mice to CFC training and testing to 
examine the function of ACY1 and NME3 in hippocam-
pal memory. We first examined the synergistic effect of 
ACY1 and NME3 on CFC memory. For this purpose, we 
randomly divided mice into 9 groups: control, si-ACY1, si-
NME3, si-ACY1+si-NME3, ACY1-OE, NME3-OE, ACY1-
OE+NME3-OE, si-SMARCA5+ACY1-OE+NME3-OE, 
and SMARCA5-OE+si-ACY1+si-NME3 groups. Mice 
injected with si-ACY1 and si-NME3 in the DG exhibited 
intact freezing responses when compared with control mice 
during CFC training and 1 h after training (Fig. 8D, E), 
which suggested that knockdown of ACY1 or NME3 had 
no effects on contextual fear memory acquisition and STM. 
However, when tested 24 h after training, mice were injected 
with si-ACY1, si-NME3, or si-ACY1+si-NME3 exhibited 
less freezing time than mice in the control group (Fig. 8E; 
F(4,53) = 27.97, P <0.001, one-way ANOVA), suggesting 
that knockdown of ACY1 and NME3 impairs the hippocam-
pal contextual fear LTM. Meanwhile, mice in the ACY1-OE, 
NME3-OE, and ACY1-OE+NME3-OE groups showed an 
intact freezing time during training and the STM test, but 
a significantly increased freezing time during the LTM test 
compared with mice in the control group (Fig. 8F, G; F(4,51) 
= 5.518, P <0.001, one-way ANOVA), which suggested 
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that overexpression of ACY1 and NME3 enhances the hip-
pocampal contextual fear LTM. Taken together, these results 
indicate that ACY1 and NME3 are essential for the mainte-
nance of hippocampal contextual fear LTM.

We then asked whether the effect of SMARCA5 on 
CFC memory formation depended on ACY1 and NME3. 
The results above revealed that overexpressing SMARCA5 
increased CFC LTM formation (Fig. 2G), and mice in the 
si-ACY1+si-NME3 group exhibited a reduced freezing time 
when compared with mice in the control group (Fig. 8E, P 
< 0.001, two-tailed t test), suggesting that blocking ACY1 
and NME3 suppressed the contextual fear LTM. However, 
freezing time was significantly lower in the SMARCA5-
OE+si-ACY1+si-NME3 group than that in the control 
group (Fig. 8E, P < 0.001, two-tailed t test). By contrast, no 
significant differences were found compared with that of the 
si-ACY1+si-NME3 group (Fig. 8E), which suggested that 
impaired ACY1 and NME3 functions can block the enhance-
ment of SMARCA5-induced contextual fear memory main-
tenance. Moreover, mice in the si-SMARCA5+ACY1-
OE+NME3-OE group exhibited significantly more freezing 
time than mice in the control group (Fig. 8G, P < 0.001, 
two-tailed t test) and did not significantly differ from mice in 
the ACY1-OE+NME3-OE group (Fig. 8G), suggesting that 
the suppressed SMARCA5 function in CFC memory can 
be rescued by elevating of ACY1 and NME3. These results 
revealed that the effect of SMARCA5 on the CFC memory 
in the DG depends on the proteins ACY1 and NME3 of the 
metabolic pathway.

Discussion

In this study, we demonstrated that SMARCA5 is respon-
sible for hippocampal contextual fear memory maintenance 
and adult neurogenesis. Using proteomics analysis, we 
revealed the proteins that were modulated by SMARCA5 
during the processes of CFC memory and the signaling 
pathways that these proteins are enriched for. Moreover, 
we found that multiple proteins in metabolic pathways are 
regulated by SMARCA5 after CFC training. Finally, we 
indicated that SMARCA5 regulates its target ACY1 and 

NME3 protein levels in metabolic pathways to facilitate the 
maintenance of hippocampal fear memory.

Our data provide several new insights into the mecha-
nisms of chromatin remodeling in hippocampus-dependent 
memory. First, we revealed that SMARCA5 is essential 
for hippocampus-dependent memory and adult neurogen-
esis. As a chromatin remodeling factor, SMARCA5 forms 
ordered nucleosome arrays on chromatin and promotes 
access to DNA during DNA-templated processes such as 
DNA transcription, replication, and repair [30–33]. Picketts’ 
group revealed that SMARCA5 conditional KO mice with 
a Nestin-Cre driver line exhibit a reduced brain size with 
striking cerebellar hypoplasia and signs of premature death. 
The cerebellar hypoplasia leads to poor motor function and 
impaired associative learning skills [19]. A recent study 
indicated that the SMARCA5 expression in the amygdala 
and ventral hippocampus is reduced in mice with high anx-
iety-related behavior [21], however, currently, the roles of 
SMARCA5 in adult learning and memory are still unclear. 
Our data demonstrated that SMARCA5 levels in the dorsal 
DG, but not the ventral DG and BLA, increased after CFC 
training, whereas blocking SMARCA5 impaired hippocam-
pus-dependent memory and adult neurogenesis. Moreover, 
overexpression of SMARCA5 elevated contextual fears of 
LTM and adult neurogenesis. Thus, these results indicate 
that SMARCA5 is necessary and sufficient for contextual 
fears of LTM and adult neurogenesis. The role of hippocam-
pal neurogenesis in hippocampal memory is quite compli-
cated, and there are still some controversies on this issue. 
The continued integration of new neurons into hippocam-
pal circuits throughout adulthood has been hypothesized 
to affect memory function in two ways [34]. First, newly 
integrated neurons provide fresh substrates for learning and 
thus may facilitate the maintenance of new memories (for 
example, by increasing capacity or allowing more efficient 
pattern separation). This hypothesis is supported by studies 
showing that inhibition of hippocampal neurogenesis gener-
ally impairs memory maintenance [35–37] while promoting 
hippocampal neurogenesis improves memory maintenance 
[38–40]. Second, by modifying the pattern of input and out-
put connections in the DG, the integration of new neurons 
alters hippocampal circuits, thus potentially making memo-
ries already stored in these circuits more difficult to access 
at later time points. However, it is still unclear whether 
SMARCA5-mediated neurogenesis is a key factor leading 
to changes in hippocampal learning and memory, and this 
question still requires follow-up research

Second, we used proteomics to analyze the proteins that 
were modulated by SMARCA5 during the process of CFC 
memory maintenance and the signaling pathways that these 
proteins are enriched for. As a chromatin remodeling fac-
tor, the transcription and expression of a huge number of 
proteins could be regulated by SMARCA5. However, which 

Fig. 5   Proteomics analysis of the effects of SMARCA5 knockdown 
on protein changes in the DG after CFC training. A Schematic of 
the experimental design for proteomics analysis. B Heatmap results 
reveal protein levels in the DG of mice in the control group compared 
with mice in the si-SMARCA5 group (blue-white-yellow: low-to-
high protein levels). C, D Proteomics results for protein fold changes 
in the DG (P <0.05). E Analysis results of the subcellular localiza-
tion of differentially expressed proteins. F Proteomics results of 
SMARCA5 protein levels in the DG (n = 3 per group; **P <0.01 vs 
control group). All values are presented as the mean ± SEM.

◂
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specific proteins and signaling pathways were regulated by 
SMARCA5 in response to memory formation during the 
hippocampus-dependent memory process? The classical 
one-to-one research method of finding downstream target 
genes is more refined and accurate, but it is inefficient and 
incomplete. In the age of systems biology and bioinfor-
matics, high-throughput analysis is more efficient and can 
comprehensively dissect the entire regulatory network from 
a holistic perspective. By using proteomics analysis, we 

Fig. 6   GO and KEGG analysis to determine the signaling pathways 
and enrichment of the DEPs. A GO terms analysis of the DEPs in the 
DG. B Pathway enrichment in the dot plot. The colors of the dots rep-
resent the different categories and the sizes of the nodes represent the 
number of DEPs in the pathway. C KEGG pathway analysis of the 
DEPs in the DG. D Pathway enrichment in the dot plot. The colors 
of the dots and their sizes are as above. E Heatmap results reveal pro-
teins in the metabolic pathway of mice in the control group compared 
with mice in the si-SMARCA5 group (blue-white-yellow: low-to-
high protein levels). F Relative densitometric analysis of proteins in 
the metabolic pathway (P <0.05).

◂

Fig. 7   The effects of SMARCA5 knockdown on the mRNA changes 
of metabolic pathway-related proteins after CFC training. A–O The 
relative mRNA levels of metabolic pathway-related proteins in the 
non-CFC, CFC-2 h, and Si-SMARCA5+CFC groups. (A) The rela-
tive HAGH mRNA levels (n = 6 mice per group; *P <0.05 vs non-
CFC group). (B) The relative POMGNT2 mRNA levels (n = 6 mice 
per group; **P <0.01 vs non-CFC group). (C) The relative MIF 
mRNA levels (n = 6 mice per group; **P <0.01 vs non-CFC group). 
(D) The relative HMOX2 mRNA levels (n = 6 mice per group; **P 
<0.01 vs non-CFC group). (E) The relative NT5C mRNA levels (n 
= 6 mice per group; **P <0.01 vs non-CFC group). (F) The rela-
tive NME3 mRNA levels (n = 6 mice per group; **P <0.01 vs Non-
CFC group). (G) The relative HMGCS1 mRNA levels (n = 6 mice 

per group; **P <0.01 vs non-CFC group). (H) The relative ACY1 
mRNA levels (n =6 mice per group; **P <0.01 vs non-CFC group). 
(I) The relative SCP2 mRNA levels (n = 6 mice per group; **P 
<0.01 vs non-CFC group). (J) The relative GATB mRNA levels (n 
= 6 mice per group; **P <0.01 vs non-CFC group). (K) The relative 
ADK mRNA levels (n = 6 mice per group; **P <0.01 vs non-CFC 
group). (L) The relative NT5C3 mRNA levels (n = 6 mice per group; 
*P <0.05 vs non-CFC group). (M) The relative Atp5pb mRNA lev-
els (n = 6 mice per group). (N) The relative ADCY5 mRNA levels (n 
= 6 mice per group). (O) The relative NDUFV3 mRNA levels (n = 
6 mice per group; *P <0.05 vs non-CFC group). All values are pre-
sented as the mean ± SEM.



1102	 Neurosci. Bull. July, 2023, 39(7):1087–1104

1 3

Fig. 8   The effect of SMARCA5 on contextual fear memory depends 
on the metabolic pathway. A–C Representative immunoblots and the 
relative densitometric analysis of NME3 and ACY1 in the non-CFC, 
CFC-2 h, si-SMARCA5+CFC, and si-SMARCA5+AAV-OE+CFC 
groups. Representative immunoblots are shown in (A), and the rela-
tive densitometric analysis is shown in B and C, n = 5–6 per group; 
**P <0.01 vs non-CFC group. D, E The effect of SMARCA5 on con-
textual fear memory depends on ACY1. (D) The freezing response in 

the training process. (E) The freezing response at 1 h and 24 h after 
training (n = 11–12 per group; **P <0.01 vs control group). F, G The 
effect of SMARCA5 on contextual fear memory depends on NME3. 
(F) The freezing response in the training process. (G) The freezing 
response at 1 h and 24 h after training (n = 11–12 per group; **P 
<0.01 vs control group). All values are presented as the mean ± 
SEM.
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revealed the proteins regulated by SMARCA5 in the pro-
cess of CFC memory formation and analyzed the signal-
ing pathways enriched by these proteins using the GO and 
KEGG signaling pathways, which provides data references 
and analysis for subsequent researchers.

Finally, our results indicated that SMARCA5 participates 
in hippocampal contextual fear memory by targeting ACY1 
and NME3. The metabolic pathway is a large and complex 
network of signaling pathways, which is an indispensable part 
of the body, but its functions in learning and memory are 
less studied. Our proteomics analysis, RT-PCR, and western 
blot all showed that knockdown of SMARCA5 impaired the 
increased expression of ACY1 and NME3 2 h after CFC train-
ing. Data concerning behavior showed that down-regulating 
ACY1 and NME3 together impaired the contextual fear mem-
ory, but SMARCA5 overexpression did not reverse the ACY1 
and NME3 downregulation-induced memory deficits. Moreo-
ver, up-regulating ACY1 and NME3 together did elevate the 
contextual fear LTM, and SMARCA5 overexpression did not 
impair the ACY1 and NME3 upregulation-induced memory 
enhancement. Thus, these results indicated that the partici-
pation of SMARCA5 in hippocampus-dependent memory 
depends on its targets, ACY1 and NME3. As an important 
zinc-binding enzyme in the signaling pathway, ACY1 cata-
lyzes the hydrolysis of acylated L-amino acids to L-amino 
acids and an acyl group. The expression of ACY1 has been 
reported to be reduced in SCLC cell lines and tumors [41]. 
Although studies have shown that mutations in ACY1 cause 
aminoacylase-1 deficiency, a metabolic disorder character-
ized by central nervous system defects and increased urinary 
excretion of N-acetylated amino acids [42, 43], the functions 
of ACY1 in the brain have hardly been studied. Since the main 
functions of Acy-1 are to accelerate the hydrolysis of N-acety-
lated peptides, especially N-acetylated neutral aliphatic amino 
acids, and participate in protein synthesis through the release 
of free amino acids, ACY1 may be involved in hippocam-
pal memory by affecting protein synthesis. NME3, which is 
a member of the nucleoside diphosphate kinase family that 
binds to the mitochondrial outer membrane to stimulate mito-
chondrial fusion [44], provides GTP to the GTP-requiring 
proteins localized in peroxisomes and mitochondria. NME3 
is involved in a variety of cellular processes, including signal 
transduction, development, cancer metastasis, and metabo-
lism. Recent studies have shown that NME3 regulates mito-
chondrial dynamics and is important for neuronal survival 
[45, 46]; in this case, NME3 may participate in learning and 
memory by regulating mitochondrial function. Future studies 
may help to elucidate the mechanisms by which ACY1 and 
NME3 are involved in learning and memory.

In conclusion and to the best of our knowledge, this 
work is the first to determine that SMARCA5 is involved in 
adult hippocampal memory maintenance and neurogenesis. 
Evidence is provided to reveal the proteins and signaling 

pathways that were affected by SMARCA5 knockdown 
during the CFC formation process. Finally, we found that 
SMARCA5 participated in hippocampal contextual fear 
memory formation by regulating proteins in metabolic 
pathways such as ACY1 and NME3. Our study enhances 
the understanding of chromatin remodeling in learning and 
memory. Considering that chromatin remodeling is essential 
for many brain disorders, we recommend further studies on 
SMARCA5 as a potentially important therapeutic target.
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